SUMklARY: Counts were made of the total number of bacteria in cultures by a method that comprised suspension of the cells in molten agar, and the casting of this agar into a thin film in a haemocytometer chamber, followed by removal of the film from the chamber and drying in air. Counting of the bacteria was carried out with the use of a phase-contrast microscope. Statistical analysis of the counts indicated that the principal sources of variation lay in the differences between the numbers of organisms counted in successive microscope fields, between the total numbers in different traverses of the film, and between the primary agar dilutions of the culture.
In many experiments where a count of the total number of bacteria in a suspension is required, it would be an advantage if the actual counting could be postponed until the rest of the experiment had been concluded. This is the case, for example, when the suspension has to be used immediately for the absorption of serum or inoculation into animals. The most precise method of making total counts is generally considered to be by the use of a counting chamber such as that described by Helber (1904; see Topley and Wilson's Principles, 1946), but the method described in another connexion by Jones et Mollison (1948) in which permanent preparations in agar films are made for counting might have some advantages when postponement of the counting is required, and it seemed worth further investigation. A number of tests of the precision of this method were therefore made.
METHOD
The procedure finally adopted for making the preparations and counting the bacteria was as follows :
(1) One millilitre quantities of 1.9 yo agar in normal saline are distributed in plugged test-tubes 11 mm. diam. and held molten in a water-bath at 60-65". (One batch of New Zealand agar was used throughout the present study.)
(2) The bacterial suspension is mixed well and, with a calibrated Pasteur pipette, 0.2 ml. is transferred to 1 ml. agar.
(3) By means of a fresh pipette, the agar suspension is mixed well and a drop run into one side of a double Neubauer haeniocytometer chamber (0.1 mm. deep) fitted with the standard cover slip; the suspension is mixed again, and a drop run into the other side of the chamber. The glass chamber should be slightly warmed before use so that the agar flows readily.
(4) The agar is allowed to set, which takes about 5 min., and the chamber is then immersed in cold water in a dish. The cover-slip is raised gently by inserting a straight wire into the side trough and the two agar films then usually float easily off the glass slide. The films are caught on glass microscope slides and removed from the water. The transfer is facilitated by the use of a dish with a black bottom, strongly illuminated from one side.
( 5 ) The agar films on the slides are trimmed and then allowed to dry in air, and are then mounted under a cover-slip in glycerol jelly.
(6) Counting of the bacteria in the films is carried out with a phase-contrast microscope, using a -& in. oil-immersion objective and a x 6 eyepiece, with a square mask. Some difficulty may be experienced in counting from the fact that not all the organisms lie in one focal plane; it may be easier therefore to use a Qin. or a 5in. objective and a higher power compensating eyepiece.
( 7 ) The number of bacteria per cu.mm. of the agar suspension is calculated from the number per microscope field by using a factor derived from the area of the field in sq.mm. (as determined by a stage micrometer) multiplied by 0.1, the depth of the agar in the haemocytometer chamber.
TESTS OF THE METHOD
During the preliminary investigations of the method suspensions of streptococci were used, as it was for these organisms that a counting method was to be used, but since the results of many partial tests of the various stages in the technique were amply confirmed in two final comprehensive tests these alone will be described in detail. For one of these a suspension of Streptococcus pyogenes, Type 3 (strain Richards), was used, and for the second a suspension of Bacterium coEi (strain D 433). The latter was a culture grown at 37" for about 12 hr. and was almost entirely in the form of single cells; the former had a median chain length of 6.3 cocci. Since the existence of such chains naturally complicates the analysis, the results from the experiment with the Bact. coli suspension will be given first.
Eight agar dilution tubes were melted and cooled to 60'. With a '50-drop' pipette a sample was taken from the suspension and 0.2 ml. delivered into each of two tubes of agar. With a fresh Pasteur pipette the agar dilution was well mixed and drops were run into the two sides of the counting chamber. Using another pipette this subsampling was repeated. The films were floated off and mounted.
Four traverses, each consisting of the examination of five fields, were made on each film. In each traverse the five fields were spaced more or less equally along either a long-or a cross-axis of the film. The whole process was repeated four times so as to give a total of 32 films. The examination of the 32 films was carried out in a random order.
The structure of the experiment was thus as follows:
Samples with 50-drop pipette from culture (8) = 4. Dilution tubes for each sample ( D ) = 2, i.e. total number of dilution tubes
Subsamples from each dilution tube ( U ) = 2, i.e. total subsamples ( 27') = 16. Films from each subsample (3') = 2, i.e. total films (3") =32.
Traverses of each film (7') = 4, i.e. total traverses (T') = 128.
Fields examined in each count ( L ) = 5, i.e. total fields (L') = 640.
( D ' ) = 8. Bacterial counting
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The frequency distribution of the counts of bacteria per field was found to be indistinguishable from a normal distribution (Fig. 1, curve A ) . On general principles one would expect a Poisson form of frequency distribution in this case, but with a mean number of cells per field of 26.60 the two distributions are very similar in shape, though the true Poisson distribution has a smaller standard deviation (Fig. 1, curve B) .
Percentage of fields having specified number of cells or less with that to be expected from a population having a Poisson distribution with approximately the same mean value (B). Curves drawn on a probability scale for the abscissa, such that a normal distribution is represented by a straight line. Analysis of the variance was carried out without transformation ( Table 1) . The individual mean squares are tested for significance by comparison with the immediately succeeding mean square. Thus the mean square for traverses, 113.67, is compared with that for fields, 27.45; this gives a variance ratio of 4.15, which is highly significant. The variation between the traverses was, therefore, significantly greater than that attributable to the variation between fields. The mean square for films, 86.44, is compared with that for traverses, 113-67, and is clearly not significant. The films did not therefore differ more than was to be expected from the variation between traverses. The same is true of subsamples. The variance ratio for dilution tubes, 3-21, is suspiciously high. A new estimate of the total variation within dilution tubes is made by pooling the sums of squares for subsamples, films and traverses (to give 13,360-25) and dividing by the pooled degrees of freedom (120). Since the mean square for samples is riot significantly greater than that for dilution tubes, the sums of squares for these two items may also be pooled. We then have a new mean square for dilution tubes of 568.77 and for the remainder of 111.34, on '7 and 120 degrees of freedom respectively; the variance ratio of 5-11 is highly significant. There appeared, therefore, to be real differences between dilution tubes.
The components of variance may be estimated as follows : From this i t can be seen that, for any given number of fields counted, and any given number of fields per traverse, the variance is lowest when the number of dilutions made is maximum, and one traverse is made per dilution. A number of reprcsentative values are given in Table 2 , and it can be seen that, with 40 or 60 fields counted, it is possible to obtain 5 yo fiducial limits within 12-15 yo of the mean without undue labour.
The experiment with Strep. pyogenes was carried out in an identical fashion, but the frequency distribution of the number of cocci per field was not normal (Fig. 2, curve A ) , owing to the fact that the cocci were distributed in chains or clumps comprising from 2 to 20 or more cocci, and no fewer than 89 of the 640 fields examined contained no cocci. Analysis of the untransformed counts gave a suspiciously low value for the between-films mean square. Transformation of the count to log,, (count+l) did not produce any very obvious improvement in the shape of the frequency distribution curve (Fig. 2, curve B) , but analysis gave a much more consistent set of mean squares ( Table 3) . The results, as set out in Table 3 , conformed well with those obtained in the experiment with Bact. coli but the variance ratio due to differences between traverses was not significant, and the variance due to differences between fields was proportionately much larger, presumably as a result of the form of the frequency distribution. In consequence the accuracy of the counts, for a given number of fields examined, is less than with Bact. c0Z.i (Table 4) . However, as a further test of the validity of the analysis, the following test was made. For each film, comprising 20 fields, the number of fields with zero count was expressed as a proportion of the total 20, and this proportion transformed to angles by the method of Bliss (see Snedecor, 1946) . The analysis of variance due to differences between samples, dilution tubes, subsamples and films was then carried out on the transformed variate ( Table 5 ) . The between films mean square was compared with the theoretical variance given by 820.7/20 (Armitage, personal communication), and found not to be significant. None of the individual variance ratios was significant, but the between dilution tubes mean square was suspiciously large and was further tested after pooling as shown in the table. This gave a significant value for the variance ratio due to differences between dilution tubes, which served as confirmation of the results of the analysis on the logarithms of the counts.
In both cxperiimcnts there was a significant variance ratio due to differences between dilution tubes. Molten agar is difficult to measure accurately, and it was thought t,hat an increase in the volume of the dilution tubes might lead to improvement. An experiment was accordingly carried out in which a single suspension of Bact. coli diluted with a single pipette in six 5 ml. lots of agar, and also in six 1 nil. lots, the order of making the dilutions being random. Two films were made from each dilution and two 5-field traverses carried out on each film. Analysis was carried out as before (Table 6 ). In this experiment the mean count from the 1 ml. dilution tubes was slightly higher than that from the 5 ml. tubes, and, although none of the variance ratios was significant there was some indication that the larger dilution volume was associated with a slightly lower variance.
DISCUSSION
It is apparent that the two-stage method of carrying out counts of the total number of bacteria in a suspension, by the use of cast agar films, can give a degree of precision of the same order as that given by the direct counting of the bacteria in a Helber chamber, although no thorough analyses of the latter method appear to have been published. The advantages of the two-stage method of counting are the fact that haemocytometer chambers, which are readily available, can be used, and that the time-consuming process of counting the cells can be postponed to the most convenient occasion if, for some reason, it is thought undesirable to hold the suspensions meanwhile. No change has been observed in mounted or unmounted films kept for several days on the bench. The disadvantage of the method is that the total time taken over the procedure is greater than in a direct counting method, and that practice is required before the several stages can be carried out easily.
It is clear from the analyses that the greater part of the variation between counts is accounted for by the variation between successive fields counted. There is of course a limit, set by the nature of a random distribution of cells across the film, below which this variation cannot be reduced. The fact that, in the experiment with Bact. coli, r~2 , had the value of 27.45 compared with that of 26-69, which would be the estimate of the variance of a Poisson distribution with the same mean, suggests that this limit is approached. There is, nevertheless, a moderate additional variation produced by differences between traverses, each of five fields, on the film. It has been observed that, in some films, the count is higher at the edge than in the centre. This may well account for some of the between-traverses variation, and it was to reduce the risk of errors from this source that the practice of making the traverses along one axis of the film was adopted. The only other significant source of variation was that due to different dilution tubes and the indications are that this was truly a difference between the tubes and not between the pipettes used for measuring the primary samples, although it is difficult to be certain since there are only 3 degrees of freedom available for measuring the latter variation. It is probable that the effect of the dilution tubes could be reduced by using volumes larger than 1.0 ml., although with the larger volume i t would be more difficult to ensure mixing.
The number of dilution tubes, films and traverses that would be needed in practice must of course depend on the accuracy required, and also on the density of the cells in the preparation. It is suggested that, with a suspension consisting largely of single cells, and of such density as to give a count per field of the same order of magnitude as in the present work, a reasonable compromise might be to use four dilution tubes, make one film from each tube and perform two traverses, each of five fields, on each film. This amounts to counting 40 fields or, with a density of 25 cells per field, 1000 cells. I n the ordinary way i t will probably be sufficient to estimate the standard error of an individual count from the variance of the rnean counts from the four dilution tubes.
